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SUMMARY 
CHARACTERISTICS OF FLEXIBLE FLANGE CONNECTIONS AND FASTENERS 
The investigation had as its objectives the determination of the 
characteristics of a connection employing a flexible flange and a study 
of the additional load placed on the fasteners as a result of prying 
action, A rational approach has been developed for the analysis and 
equations have been derived that can be used in the design of such 
flexible connections. The method used employs the principle of simple 
plastic theory. 
Experimental work was used to verify the theoretical development 
of the subject,, This work was divided into two phases. The first 
phase was Revised to check the correlation between the analysis and the 
test results, Tne correlation was checked by subjecting Tee sections 
to axial tension loads along the web and studying the bending charac­
teristics of the flange and the tension in the fasteners through the full 
range of loading. It was found, that the equations developed could be 
accurately used to compute the failure load cf a flexible connection with 
given dimensions „ and furthermore, that; the tension in the fasteners 
could be accurately predicted at any lead, including loads beyond computed 
ultimate. "Ultimate" her© is defined as t&at load at which excessive 
deformations occur. Above the ultimate load strain hardening resists the 
external load. 
The second phase of testing involved the fabrication of a moment 
bracket and testing it to observe the accuracy with which the developed 
analysis described its behavior. It was found that the analysis could 
well serve as a means for design. The bracket failed when expected as 
far as flexibility of the flange was concerned and exhibited a good 
amount of reserve strength due to strain hardening. Corollary obser­
vations were male of the slip characteristics of the flange and shearing 
forces in the web. 
In the working load range with a safety factor of two against 
ultimate occurring both series of tests exhibited elastic deflection 
characteristics. 
Sinoe test results of the Tee sections and moment bracket essen­
tially verified the theoretical approach to the subject a typical design 
of a Tee stub moment connection was presented but not tested. 
As the testing involved a variety of severe conditions, it can be 
considered that the developed design approach is applicable to most 
flexible flange connections where either flexibility or a definite know­
ledge of the failure load is desired. 
CHAPTER I 
INTRO IXJCTION 
The col lapse method of des ign, commonly ca l l ed p l a s t i c design in 
t h i s country, depends upon a s tructural s t e e l member a t ta in ing a spec i f i ed 
moment at certain o r i t i o a l points along i t s span. As the degree of load­
ing increases and oertain of these points beoome p l a s t i f i e d the moment 
there becomes constant, the magnitude depending upon the y i e l d charac­
t e r i s t i c s and the geometry of the beam s e c t i o n . A further inorease in 
load causes other regions of high moment to beoome p l a s t i f i e d while the 
or ig ina l regions of p l a s t i f i c a t i o n undergo r o t a t i o n , though s t i l l main­
ta in ing the p l a s t i c moment. When enough of these hinges have formed to 
cause a mechanism, the member w i l l have reached i t s ult imate load 
carrying oapacity. The design load of t h i s member then w i l l be t h i s 
ult imate load divided by an appropriate safe ty fac tor . By t h i s method 
each member of a s tructural system and the ent ire system can be designed 
with a uniform safety factor so that greater economy r e s u l t s . 
The object of t h i s i n v e s t i g a t i o n was to use these ult imate concepts 
in carrying out a study having the fol lowing o b j e c t i v e s . 
1. To determine the behavior of the f langes of a Tee when the stem 
i s subjeot to t e n s i l e loads . Such a condit ion occurs in a beam-to-column 
moment connection where stub Tees serve as connections from the upper and 
lower flanges of the beam to the column. 
2 . To determine the behavior of the fasteners of such Tees. 
3. To develop a design procedure for a moment bracket and i n v e s t i ­
gate the behavior of a typ i ca l bracket including s l i p c h a r a c t e r i s t i c s . 
2 
4< To determine a design procedure for a Tee-stub moment con­
nection, 
5, To determine the effect initial pretension has on the 
ultimate load on the flange and the ultimate load on the bolt. 
The nature of the general problem demands that some part of the 
connections be sufficiently flexible to deform freely under a certain 
load. A Tee-type connection, where an external load foroes the wings 
of the flange to undergo bending, provides such flexibility if proper­
ly dimensioned. 
In a moment bracket the capacity of a vertical pattern of 
connectors is greatest if each connector reaches its yield load and the 
summation of the resulting tensile forces is balanced by compressive 
stress acting on a small area at the lower edge of the connection. This 
can occur under two conditions; first, that the topmost connectors are 
ductile enough to remain at yield stress while the lower connectors are 
picking up load, or seconds, that the connection plate be flexible enough 
to allow an even distribution of load to each bolt. Bach is an ideal 
state, but a combination of the two could most likely produce the de­
sired result. The connectors , however, are affected by flexibility of 
the flange as this state produces prying forces in addition to the ten­
sile forces resulting from the external load. If the resultant force in 
the connectors becomes too large, the connectors will inevitably fail. 
At the ultimate load condition the connectors may go into bearing 
and be loaded in shear, The connector problem then becomes even more 
critical because of the reduction in ultimate tensile load associated 
with added shear load. 
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The experimental investigation was carried out in two phases: 
1. An attempt was made to oorrelate the external load with the 
flexing action of a connection flange. A study of the forces present in 
the connectors at all loads was included. The tests were carried out 
with an assembly that had no shearing stress applied to the connectors. 
Simple plastic theory has been used to obtain a logical expla­
nation for the ultimate load behavior of these Tee sections. 
2 , Once the flange behavior was established, a moment-shear 
connection was designed with flange flexibility and tested to see if 
it would carry the predicted ultimate moment and have sufficient rota­
tion capacity so that the methods could be readily adaptable to plastic 
design concepts. 
High tensile strength bolts were used as the connectors because 






The analysis is based upon the assumption that when the flange of 
a bolted Tee connection (Fig. 4) undergoes excessive deformation as a re­
sult of tensile forces acting on the stem, plastic hinges have occurred 
at the bolt lines and at the edges of the web. Observation of such a 
specimen that had been loaded to this extent verified this assumption. 
Since a fixed beam with a concentrated load at the center has the 
same moments at the ends as at the center in the elastic range, the elas­
tic solution of such a case is no different from the plastic solution due 
to the fact that no redistribution of moments occurs. At the ultimate 
load the moments described above have become fully plastic. 
The free bodies shewn in Fig. 5 are associated with the above 
assumptions. Since the plastic hinges begin forming before the deforma­
tion of so short a span is discernable to the eye 9 it can be assumed that 
the magnitude of the deformation causes no error in the analysis. 
The coefficient "k" allows for the reduction in ultimate moment 
capacity at the section through the holes. It is merely the ratio of the 
area through the holes to the area of a solid section. 
The free bodies shown in Fig. 5 can be used to compute the theo­
retical tension in the bolts at any stage of the loading. 
When the pretension force is ignored, the predicted curve of bolt 
tension versus load is divided into three separate segments. 
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The f i r s t segment e x p r e s s e s the f o r c e i n the b o l t s a s a l i n e a r 
f u n c t i o n o f the e l a s t i c moments a t the ends and c e n t e r of a f i x e d ended 
beam w i t h a c o n c e n t r a t e d l o a d a t t h e c e n t e r . S ince t h e moments are equal 
f o r t h i s c o n d i t i o n , "k" e q u a l s one. The s t r e s s e s a t the b o l t l i n e are 
h i g h e r than a t the web throughout the e l a s t i c r a n g e . The upper l i m i t of 
t h i s segment i s t h e l o a d a t which t h e s t e e l a t the b o l t l i n e b e g i n s t o 
y i e l d . 
The middle segment i s a t r a n s i t i o n curve i n which t h e moment a t 
the b o l t h o l e s i s becoming p l a s t i c w h i l e t h e moment a t t h e web i s a p ­
proach ing the p l a s t i c c o n d i t i o n . The web moment l a g s the b o l t moment i n 
becoming f u l l y p l a s t i c . The upper l i m i t of t h i s segment i s the l o a d a t 
which both moments have become f u l l y p l a s t i c . 
The t h i r d segment e x p r e s s e s the f o r c e i n t h e b o l t s a s a l i n e a r 
f u n c t i o n of the moments a t t h e ends and c e n t e r a f t e r each has become 
p l a s t i f i e d and s t r a i n hardening commences. The moments w i l l e x i s t i n the 
r a t i o of "k" t o u n i t y because o f t h e geometry of the c r o s s - s e c t i o n . The 
l o a d a t which both moments become c o m p l e t e l y p l a s t i c i s c a l l e d P . 
The e q u a t i o n s below can be used t o c o n s t r u c t t h e p r e d i c t e d b o l t 
t e n s i o n c u r v e . A v e r t i c a l l i n e t o t h e curve a t t h e p r e t e n s i o n magnitude» 
i f t h e b o l t t e n s i o n s e r v e s a s the a b s c i s s a , comprises t h e i n i t i a l p o r t i o n 
of t h e p r e d i c t e d curve . 
D e r i v i n g t h e e q u a t i o n s f o r f l a n g e t h i c k n e s s by use of t h e f r e e 
body i n F i g . 5 S 
( P ) d - M + Mb 
2 
P r 2 ( Mw + M b ) (1) 
d 
For t h e e l a s t i c r a n g e , 
Mw = MD = k S C 
P = 4j& = b t 2 k 4 {T - 2 k b t 2 
d 6 d 3 d 
t 6 i * -n/3 P_d " 
V 2 k b cr 
At t h e u p p e r l i m i t o f t h e e l a s t i c r a n g e , 
M b = k M y 
P = 2 k b t 2 & = 4 k_M. 
y 3 d y d ' 
*y * nl 3 F d 
f 2 k b t r y 
For u l t i m a t e l o a d c o n d i t i o n , 
M w = M p = b t 2 Q> 
4 
M b = k M p 
P u = 2 M p ( 1 | k ) 
d 
- b_fc^ ( 1 + k ) <r 
2 d * 
t y - -i/2 Pq d 
Ifb ( 1 + k ) C T y 
F o r s t r a i n h a r d e n i n g c o n d i t i o n , 
k M w - Mb - k M s t 
P s t 2 M s t { 1 f k ) 
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N e x t t h e e x p r e s s i o n f o r t h e p r y i n g f o r c e on t h e b o l t w i l l be 
d e v e l o p e d . 
P ' e = Uh 
P' = ( 7 ) 
e 
F o r t h e e l a s t i c r e g i o n o f f l a n g e b e h a v i o r , 
P ' e - M b - F d 
P ' - P_d ( 7 a ) 
4 e 
F o r t h e u p p e r l i m i t o f t h e e l a s t i c r a n g e , 
p ' - P d 
r y , y a 
T e 
L i 
P ' y - 2 k _ U p ( 7 b ) 
3 e 
For u l t i m a t e l e a d c o n d i t i o n 
P ' u k M p = k d P u = k d P u ( 7 c ) 
e e 2 ( 1 4- k ) 2 e ( 1 4- k ) 
For s t r a i n h a r d e n i n g c o n d i t i o n , 
F ' s t ~ = k P d = k d F u ( 7 d ) 
e e 2 ( 1 + k ) 2 e ( 1 + k ) 
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The t o t a l bolt tensions can be determined as fo l l ows . 
2 P' + P (8) 
For the e l a s t i c range, 
F ( d t 1 ) 
2 e 
(8a) 
For ultimate load condit ion, 
p u ( 
e ( l <r k) 
+ 1 ) (8b) 
Because of s t r a i n hardening the rat io of the bo l t l i n e moment 
to the web moment at loads higher than P u w i l l remain at "k". The 
curve i s then l inear from P u upward and i s l imited only by the y i e ld ing 
of the b o l t s . The curve in t h i s region above P u i s constructed by 
ohoosing an arbitrary P greater than P u , f inding the corresponding bo l t 
t ens ion and connecting t h i s point to the bo l t tens ion at P u . 
Moment Bracket 
Moment capacity of fastener pattern.—Using the previous equations 
obtained from considering Tee sec t ions in t ens ion , general equations 
can be derived for the ac t ion of the v e r t i c a l flange plate of a moment 
bracket (Fig. 22) . In the case of two b o l t s per row the force at each 
l e v e l of fasteners contributing to moment capacity of the fastener 
group i s : 
Pat ( k d 
e(l f k) 
4 1 ) (8c) 
9 
Summing moments about the center of the compression area. 
P D U x - (2T - 2P») ( p + 2p + 3p f ... + (n-l)p ) 
n 
f (m - I ) > (2T - 2P') (9) 
where, 
n 
Q ( 2 T - 2 P 1 ) d o ) 
The above are general expressions for the aotion of a moment 
resisting pattern with two fasteners per row. 
Compression stiffener,—If a bottom stiffener to resist the compression 
is used, the stiffener must have a minimum thickness equal to y. If no 
such stiffener is used, the y distance will be much greater. The bolt 
rows falling within the distance y/2 oan not be considered as contribu­
ting to moment capacity. 
Shear in the web.--Enough web area is needed to resist in shear the 
compression force at the bottom of the bracket. This will often dic­
tate the limit of any diagonal boundary from load point to lower web 
edge that may be desired. 
If a stiffener extends from the load point to the bottom of the 
web the shear distribution will be that experienced in the web of a 
rolled section since the stiffener acts as a flange. The maximum shear 
stress for such a case is approximately 1.15 V/A^ where A w is the area 
of the web across a horizontal section (Pig. 25). If no such vertical 
stiffener is used, then the shear distribution will be roughly parabolic 
and tha maximum shear stress will be 1.5 V/A^s or almost half again as 
10 
great as the case with a vertical stiffener. The web can be accordingly 
proportioned using the yield shear stress equal to l/ of the tensile 
yield stress. 
Investigation of a typical bracket.—A bracket was fabricated (Fig. 22) 
and tested. Using a one inch flange meant that the ultimate moment to be 
expected was 946 kip inches (Equation 9). This was equivalent to a load 
of 94.6 kips at an eccentricity of ten inches. The tensile force in 
each bolt at ultimate would have been 27.2 kips (Equation 8b). 
The friction force resisting shear at ultimate is equal to the 
coefficient of friction times the force in the fasteners at that load. 
This was computed to be 55.6 kips. Therefore at ultimate load there 
should be a shearing force on each bolt of; 
F 3 - 94.6 - 55.6 - 4.9 kips. 
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From the interaction curve the ultimate tensile load would then 
bo 36 kips. A smaller bolt could have been chosen for the design. 
A 3/4 inch web plate was used, but since P u was 35 kips a 1/2 
inch plate would have satisfied tension. 
Since the compression force at the lower end of the flange at 
ultimate was 
n 
G = JT^ ( 2 T -• 2 P 1) (11) 
0 
~ 140 kips 
and the load point stiffener did not extend to the lower edge of the 
web (Fig. 22), 
u 
" 1 (140) 
2 (0.75)(11) 
" 25.4 ksi 
The web had suffered general yield prior to the ultimate load; 
thus it was underde signed in shear. Since the depth of the web was not 
reduced at any pointy the above was the critical section for shear in 
this case. 
manner to the top lead bearing plate. This is to allow as much freedom 
as possible for the flange to deform. 
There is a question of whether or not it is wise to pretension 
the bolts in excess of that load assumed for design if the elliptical 
ultimate relationship curve (Fig. 2 3 ) is utilized. 
Tee Stub Moment Connection 
General.--The design of a Tee stub for the moment connection shown in 
Fig. 3 3 having a full tensile load of M p /h follows the methods 
previously given involving the use of Equations (l) through (8). 
To arrive at an expression for the friction force resisting 
shear, the tension stub has to be considered separately from the com­
pression stub. 
The flange contact force of the tension stub (Fig. 3 3 ) at ulti­
mate is 2 P'u; therefore, 
Comments on bracket design.—The flange should not be connected in any 
Q = 2 F* 
u 
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The flange contact force of the compression stub is the summation 
of T forces plus the external force, or, 
"2 = I T i + P u • 
Therefore the total friction force resisting slip is 
Q = /*( 2 P' u *- P u tjy^ ) (12) 
As strain hardening occurs with rotation, the force resisting slip 
increases. 
The result of the bracket test indicate that not more than a few 
kips of tension per bolt will be lost by relaxation. 
Design example.--The floor beams in a certain structural system are de­
signed plastically for an ultimate load of 400 psf. This corresponds to 
a working load of 200 psf with a safety factor of two. The beam spacing 
is eight feet on centers. The beam required is an 18 WF 50 at a span of 
29 feet. The plastic moment existing at the end is then 169 kip-feet. 
The corresponding shear at the connection is 47 kips. The design for the 
Tee stubs proceeds as follows. 
Given that flange width of the Tee is nine inches, e will be 1.75 
inches assuming a gage of 5 l/2 inches. 
p u " 169 ( 12 ) ~ 109.5 kips 
18.5 
t w = F u 
t r y b 
= 109.5 - 0.37 inch 
33 (9) 
Use 1/2 inch web 
k is approximately 9 - 2(15/16) ' 0.791 
9 
1 3 
From Equation (5) 
J~T = 109.5 ( 0.791x2.5 + 1 ) - 179 kips 
1.75(1.79LT 
Therefore try four one inoh diameter high tensile strength bolts 
Check: 
k - 9 - 2(1.0625) - 0.761 
t u - n/ 2(109.5)2.43 - 1.01 inohes 
9(1.761)33 
Use the ST 18 WF 80 
V ~ T U - 109.5 ( 0.761x2.43 + 1 ) = 175 kips 
1.75(1,761) 
T± - T u = 175 = 43.8 kips 
4 ' 
*JSE four one inch high tensile strength bolts and pretension 
to 49 kips as recommendsD(l)„ 
The force resisting slip as computed by Equation (12) using a 
coefficient of friction of 0.25 is 93 kips. This is conservative and 
yet I S almost twice as much A S th© shear encountered in this typical 
situation. 
t u = ->/2(109.5)2.5"" = 1.02 ir 
V 9(1.791)33 " 




DESCRIPTION OF TESTS 
Tee Sections 
Assembly.—The general test set-up is shown in Fig. 1. The relatively 
inflexible base Tee that served for all the flexible flange specimens 
consisted of a Tee section of similar dimensions to the flexible Tees 
except that it had a flange thickness of two inches. Both the base Tee 
and the test Tee were butt welded to tension grips. and the changing of 
flexible Tees involved flame cutting the tested specimen from the grip 
and welding on a new specimen. 
The base Tee and the specimen Tee were connected by the particular 
size high strength bolts used in the test through 1/16 inch oversize 
match drilled holes. In test T-5, where 5/8 inch diameter high tensile 
strength bolts were used, bushings were placed in the base Tee holes, 
reducing their diameter from 15/16 inch to 11/16 inGh. One hardened 
washer was placed under each bolt head and nut. 
A 450,000 lb capacity Riehle Mechanical Testing Machine was used 
to provide the test load. A strain rate of 0.025 inches per minute was 
used. 
Bolts.--The bolts used were manufactured in accordance with ASTM desig­
nation A325 (Ref. 3). The bolt dimensions conformed to the current 
requirements for regular semifinished Hexagon Bolt of the American 
Standards Association (ASA designation: B18.2) (Ref. 5). The 7/8 inch 
bolts had a grip of 3 3/16 inches and a length of 4 l/2 inches. The 
5/8 inch bolts had a grip of 3 3/16 inches and a length of 4 1/2 inches. 
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Washers,--The washers used were c i rcu lar , f l a t , and hardened. The dimen­
s ions conformed to the current requirements of the American Standards 
Associat ion (ASA designation: B27.2) (Ref. l ) . 
Nuts.—The nut dimensions conformed to current requirements for Heavy 
Semifinished Hexagon Nuts of the Amerioan Standards Associat ion (ASA 
designation: B18.2) (Ref. 5 ) . 
Speoimen Tees.--The s tructural Tees used were some that had been used 
for a previous master's t h e s i s on the behavior of a moment carrying beam 
connection. These Tees were machine flame cut from an 18 WF 85 shape, 
and as seen from Table 2 f the web was r o l l e d off center to the l i m i t of 
r o l l i n g to l eranoe (6 ) , 
The flange thickness of specimens T-l and T-6 was l e f t as r o l l e d , 
while that of T-2, T-3, T-4, and T-5 was machined to the thickness as 
indicated in Table 2 , 
The flange width was l e f t untouched except for specimen T-4 for 
which the width was reduced in order to study the e f f e c t of var ia t ion in 
edge d i s tance . 
The gage distance was 5 l / 2 inches in a l l cases . Edge dis tances 
are shown in Table 2. Distance between holes in l i n e was a l so 5 l / 2 
inches except for T-5, which used s i x 5/8 inch diameter b o l t s . In t h i s 
case the hole distance was 2 3/4 inches . In a l l oases the holes were 
placed symmetrically with respect to the length of the Tee. 
Assembly.--A welding j i g was b u i l t so that the base Tee, specimen Tee, 
and the tens ion grips could be pre-assembled in l i n e to insure an a x i a l l y 
loaded t e s t . 
Assembling of the f i r s t t e s t assembly involved bo l t ing the base 
Tee and specimen Tee together , and welding the grips on each in l i n e . 
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The following tests involved only bolting the specimen Tee to the base 
assembly and welding in line the specimen tension grip. 
The final assembly consisted of two sub-assemblies: a base Tee 
with grip, and a specimen Tee with grip. After the welds had cooled 
sufficiently the bolts were removed in order to place the assembly in 
the testing machine in two component parts. The base Tee was suspended 
from the fixed head of the testing machine and the specimen Tee placed 
in the moveable head. When the flanges had been brought together the 
bolts were placed and torqued to the desired pretension load. The bolt 
calibration curves are shown in Pigs. 6 and 7. The bolts were torqued 
by hand until the desired elongation occurred. 
Instrument&tion,—A two inch Whittemore Gage was used to measure the 
flange separation and compression edge action of the flange (Fig. 2), 
Six-inch micrometer calipers with ratchet and pointed tips were 
used to measure elongation of the bolts. Each end of the bolt was 
center drilled to provide a machined seat for the caliper tips. By this 
arrangement it was possible to repeat readings to within 0.0001 of an 
incha This was considered sufficient accuracy since the bolt alongation 
at the elastic proof load was about 0.0080 of an inch. 
A temperature compensating reference bolt was clamped to the 
assembly for tests T-3, T-4, T-5, and T-6 after it was observed that a 
variation in the temperature of the calipers caused by handling affected 
the readings somewhat during the tests of T-l and T-2. 
Several coupons were cut from the approximate positions of the 
flange as shewn by Fig. 3 and their strengths tabulated in Table 1. 
The results are plotted in Fig. 3 and indicate the variation in yield 
L7 
strength that occurred across the flange. These results were checked by-
several coupons. 
Tee test procedure.--The procedure began by taking a zero reading of the 
length of the bolts prior to torquing. After torquing of the bolts, and 
at zero load on the testing machine, readings were taken on the bolts 
with the calipers and on the flange with the Whittemore Gage at positions 
indicated in Fig. 2. The loading proceeded at approximately fifteen 
increments between zero load and the expected flange yield load. At each 
increment readings were taken as outlined above. 
Abrupt failure due to stripping of the threads of a nut occurred 
in tests T-l and T-2, In the succeeding tests it was decided to load 
until the flange had yielded but to stop loading when the bolt elongation 
showed forty-five or fifty kips of tensile force In each bolt. This was 
possible because calibration of these particular bolts showed that the 
actual elastic proof load was at least 18 kips above specified minimum 
proof load. Load on the test assembly was reduced to zero, readings were 
taken again to observe permanent deformation, and the bolts were taken 
out to be used again in succeeding tests. On none of the tests did the 
7/8 inch bolts exhibit any excessive permanent set. The 5/8 inch bolts 
of test T-5„ however, could not be loaded far beyond their minimum 
elastic proof load without suffering excessive permanent set. 
Test T-l.—The primary purpose of this test was to see how close the 
yield load could be predetermined by using an investigation based on 
simple plastic theory. In this test the flange was left as rolled. The 
dimensions used in the computations are averages of symmetrical dimen­
sions on the actual Tee. 
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From Fig. 3 it can be seen that the yield stress is approximately 
34 ksi in the regions that the plastio hinges could be expected to form, 
that is, at the bolt line and the edge of the web. 
P u = b t 2 ( 1 4- k ) 0T (4b) 
2 d 
r 8.875 (0.908)2 (l.8)34 
2 (2.47) 
" 90.6 kips 
The load-deflection curve (Fig. 8) shows that excessive defor­
mation started near this load. This curve also shows good agreement with 
the predicted value of first yield. 
No curve is presented for load vs. bolt tension because of the 
temperature effect already described in the section on instrumentation. 
The initial tension was not far from the proof load, however, and the 
tension in the bolts began to increase between a load of 85 and 90 kips. 
Test T-2.--Dimensions of T-2 are shown in Table 2. The flange of this 
specimen was machined to an average thickness of 0.798 inch. Using 
Equation (4b) the failure load is found to be 69.7 kips. This load is 
defined as that which causes excessive deformation of the flange. 
Fig. 9 shows the computed failure load indicated on the load-deformation 
curve. 
The test conditions were similar to those of T-l f and again It 
was impossible to know the exact pretension placed on the bolts. In 
both cases, however, this initial tension was not far from the minimum 
elastic proof load for 7/8 inch high tensile strength bolts. The mini­
mum elastic proof load is 37 kips(l). 
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Test T-5.--The flange in this case was machined to an average thickness 
of 0.851 inch. In addition, a low initial tension of approximately 0.4 
of the elastic proof load was placed on the bolts. This was done to 
study the correlation between predicted and actual bolt tension ourves 
at low loads. In this and succeeding tests the exact tension in the 
bolts was known at all stages of loading. 
The failure load, computed to be 78,4 kips from Equation (4b) is 
shown on the load-deflection curve Fig. 10. 
Fig. 14 shows a comparison between the average tensile load per 
bolt computed from Equation (8) and the actual average tensile load. 
At predicted ultimate load the bolt tensions were 11$ lower than pre­
dicted. 
Test T-4.--In order to study the effect of a varying edge distance on 
the validity of analysis by Equations (4b) and (8) the edge distance was 
narrowed to 1 l/8 inches. This is the minimum allowed by AISC specifi­
cations (6) . 
The average thickness used in computing the failure load of the 
flange was 0.831 inch. The four bolts were torqued to an average 
initial tension of 39.6 kips. This was 22 per cent in excess of the 
minimum required bolt tension of 32.4 kips as recommended by specifi-
cations(l). These specifications recommend a pretension load approxi­
mately 15 per cent in excess of this required minimum load in order to 
assure a minimum tension equal to the elastic proof load. 
Fig. 11 shows the degree of accuracy by which Equation (4b) pre­
dicts the yield load of the flange. Fig. 15 compares the theoretical 
and actual bolt tension curves. 
Tes t T - 5 . - - I n t h i s p a r t i c u l a r t e s t specimen s i x 5 /8 i n c h diameter h i g h 
t e n s i l e b o l t s were used i n s t e a d o f t h e four 7 / 8 i n c h b o l t s used i n the 
o t h e r four t e s t s . These b o l t s were p r e t e n s i o n e d t o an average of 2 0 . 1 
k i p s . 
P r e l i m i n a r y c a l c u l a t i o n s i n d i c a t e d t h a t a f l a n g e f a i l u r e l o a d of 
7 6 . 6 k i p s was t o be e x p e c t e d , and a t t h i s l o a d t h e r e shou ld be a p p r o x i ­
m a t e l y 2 0 , 5 k i p s of t e n s i o n i n each of t h e s i x b o l t s . The r e s u l t s are 
shown i n F i g s . 12 and 1 6 . F i g , 7 i s t h e c a l i b r a t i o n curve f o r the 5 /8 
i n c h b o l t s used i n t h i s t e s t . These b o l t s e x h i b i t e d a more n e a r l y 
normal y i e l d l e v e l than t h e 7 / 8 i n c h b o l t s used i n t h e o t h e r t e s t s . The 
e f f e c t of t h i s y i e l d i n g i s e v i d e n t i n F i g , 1 6 . 
Tes t T - 5 . - - T - 6 was an at tempt t o d u p l i c a t e t h e c o n d i t i o n s of T - l , The 
f l a n g e t h i c k n e s s was l e f t a s r o l l e d . Flange f a i l u r e l o a d was computed 
t o be 8 9 c 6 k i p s and t h e average t e n s i o n per b o l t a t t h a t l o a d computed 
a t 3 6 . 3 k i p s . F i g s . 13 and 17 show t h e r e s u l t s . 
Bracket 
G e n e r a l . - - T h e bracket d e s i g n e d i n t h e chapter on t h e o r e t i c a l development 
was f a b r i c a t e d of p l a t e s connec ted by welds ( F i g . 2 2 ) . I t was mounted 
w i t h 7 / 8 i n c h d iameter h i g h t e n s i l e s t r e n g t h b o l t s t o a two i n c h p l a t e 
which was welded t o t h e end o f a 24 WF s e c t i o n . The t e s t i n g arrangement 
i s shown i n F i g . 2 1 . The bracket was mounted i n an i n v e r t e d p o s i t i o n so 
t h a t i t c o u l d be l o a d e d by one o f the r e a c t i o n s t o a c o n c e n t r a t e d l o a d 
a p p l i e d t o t h e r o l l e d s e c t i o n a t a p o i n t s i x i n c h e s behind the two i n c h 
mounting p l a t e . The c o n t a c t s u r f a c e s were t h o r o u g h l y c l e a n e d o f m i l l 
s c a l e p r i o r t c mounting. 
21 
The load was applied by a 450,000 lb capacity Riehle Mechanical 
Testing Machine at a strain rate of 0.025 inches per minute. 
The bolts were initially tensioned to approximately 0.9 of the 
elastic proof load in accordance with the assumptions made in the design 
of the bracket. 
Instrumentation.--The eight 7/8 inch bolts used were center drilled as in 
the Tee tests. Micrometer calipers were used to measure elongation. 
Micrometer mechanical dials were used to measure the rotation of 
the bracket at two places: (l) the centerline of the flange with respect 
to the mounting plate, and (2) the rear extremity of the bracket with 
respect to the mounting plate (Figs. 20 and 21). 
The photograph of Fig. 19 was taken before the flange rotation 
dials were mounted. 
Two Whittemore Gage points were located to study the compression 
edge action at lateral points on the bracket flange (Fig. 21). 
Dials were mounted on the bracket on both sides to measure the 
slip. The holes were misaligned so that the maximum possible slip could 
occur, A dial also measured the deflection of the 24 WF section at a 
point underneath the primary load point. 
A reference standard bolt was used for temperature compensation. 
Procedure.--Loading progressed at approximately twelve-kip increments on 
the bracket until the first slip occurred at 96.5 kips. This slip was 
accompanied by a very sharp report. The bracket load immediately fell 
off to 56.5 kips at which time instrument readings were taken and loading 
was resumed. At 158 kips, about 67 per cent above predicted ultimate, 
the loading was stopped. This load had dropped to 153 kips by the time 
data was collected. At this point the load was allowed to remain on the 
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bracket for thirteen hours before resuming the test. This interruption 
of loading was used to investigate any change of conditions that might 
have occurred over this interval. After the delay in testing the bracket 
load was taken back to 158 kips as the first increment and showed less 
than 0.5 kip drop-off by the time data was collected. 
Loading then progressed to 172 kips whereupon another major slip 
occurred. This was also accompanied by a sharp report. The load fell 
off to 144 kips at which time readings were taken and loading was again 
resumed. At 175.5 kips the butt weld connecting the web with the flange 
failed in shear. Inspection of the fractured weld showed It to be de­




DISCUSSION OF RESULTS 
Toe Sections 
Deflection curves.--In all instances where the breakpoint on the deflec­
tion curve was sharply defined it was in good agreement with the pre­
dicted value as given by Equation (4b). The curve of test T-3, which had 
the sharpest break at ultimate, shows how close simple plastic theory 
concurred with test results. 
Although Whittemore Gage points were located so as to study the 
effect of compression edge action, the resulting curve, though smooth, 
shows no results significant enough to be presented. There is an indi­
cation, however, of a definite compressive yielding at the point of con­
tact . 
Fig, 18 exhibits the coincidence of the theoretical deflection of 
a point on the flange at loads below that which produced first yield at 
a hinge position. At first yield the curves diverge. The elastic de­
flection was computed on the basis of a fixed end beam with a span equal 
to the gage dimension minus web thickness. 
If a safety factor of two were used against the ultimate load 
occurring, the deflection in this case would still be in the elastic 
range. 
Bolt tension.—It seems evident that Equation ( 8 ) is able to predict with 
sufficient accuracy the tension in the bolts at any load. There is evi­
dence from Test T-6, however, that an initial overstress will produce 
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s l i g h t l y harmful e f f e c t s , in that the curve of actual tens ion breaks 
from the pretension load at ultimate instead of continuing upward to the 
predicted curve (Fig. 17) as might be expected under the assumptions of 
these t e s t s . Sinoe the actual curve a f ter break-off fol lows p r a c t i c a l l y 
the same slope as the predicted curve, i t i s poss ib le that t h i s one t e s t 
i s not ind icat ive of such a conclusion. At most there i s approximately 
f i f t e e n per cent difference between a computed tens ion and actual ten­
s i o n . 
I t i s notable that the col lapse mechanism allows ana lys i s at loads 
greater than ul t imate , which can occur because of s t r a i n hardening. This 
i s predicated on the assumption that the moments on the free bodies of 
Fig . 5 w i l l remain at the r a t i o of "k" at higher loads . The assumption 
i s not exact ly true because of another t r a n s i t i o n zone that occurs as one 
hinge begins to s t r a i n harden while the other i s y i e ld ing f r e e l y . This 
zone i s probably i n s i g n i f i c a n t , s ince s t ra in hardening occurs at the 
outer f ibers of a hinge almost immediately as i t begins to r o t a t e . 
The importance of the t r a n s i t i o n zones diminishes , s i n c e i n s p e c ­
t i o n of a f i n a l predicted tens ion curve revea ls i t to be praot ioa l ly a 
s tra ight l i n e . 
Bracket 
Bolt t ens ion . - -At the computed ultimate load the bo l t s did not inorease 
in tens ion exces s ive ly except for b o l t s seven and e ight which gained 
about four k i p s , A report by Ful ler and Munse(4) shows that no d e l e t e ­
r ious e f f e c t s were experienced by overtorquing 7/8 inch diameter high 
t e n s i l e strength bo l t s to as much as 56.5 kips per b o l t . Their part icu­
lar bo l t s were t e s t e d s t a t i o a l l y and in fat igue and had an e l a s t i c proof 
load of 37 k i p s . 
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The two rows of bolts nearest the compression edge dropped 
slightly in load due to relaxation. It was noticed prior to mounting 
that the flange warped a slight amount with the concave side towards the 
mounting plate. Torquing the bolts then apparently did not completely 
correct the condition. 
When slip occurred the two rows that were exhibiting a tendency 
to decrease immediately gained load and the two rows that were gaining 
tension lost load. Therefore, slip effected a redistribution. 
Bolts five, six, seven, and eight showed a slight tendency to in­
crease in tension prior to computed ultimate (Figs. 28 and 29), Coupons 
aut from the excess material that had been used for the flange showed 
that the yield strain of the stress-strain diagram was only four times 
the elastic range compared with the ratio of 15:1 expected of steel that 
is to perform according to plastic concepts. This lack of a flat yield 
zone meant an early strain hardening of the steel as it was subjected to 
rotation in the vicinity of hinge formation. 
At the secondary slip another redistribution of load occurred. 
Conditions were stagnated during the period that loading was sus­
pended for thirteen hours. This was done at a load 67 per cent in excess 
of predicted ultimate. Except for loading the bolts, the effect of 
strain hardening is beneficial. 
Slip.--The first slip occurred at 96.5 kips, or slightly over the com­
puted ultimate load (Fig. 30). The contact surfaces were sanded free of 
mill scale. The bearing force on the flange at ultimate equalled the 
total amount of tension in the bolts or 245 kips. The apparent coeffi­
cient of friction then was 0.39. This was probably due to the 
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misalignment of holes and a "digging in" that takes place at the com­
pression edge of the f lange . 
S l i p would not have occurred at the working load in t h i s case. 
I t i s l i k e l y that the major s l i p s occurred in two phases; s l i p of 
the bracket with respect to the b o l t s , and s l i p of bracket and bo l t s with 
respect to the base p l a t e . 
Web shear.--The assumption of maximum shear i n t e n s i t y in the web at the 
compression area of the flange i s remarkably c lose to t e s t r e s u l t s . 
I f the load point s t i f f e n e r does not extend to the bottom of the 
web so that i t cannot transmit shear flow, as in t h i s case , then at shear 
y i e l d from the equation that shear s t r e s s equals 3/2 V A, 
C = V = 2 TV A 
3 
= 2 (33) (0 .75) (11) 
3 -vT 
= 105 kips 
The bracket load at shear y i e l d should be, from Equation ( l l ) , 
105/140(94.6) or 71 k i p s . The f i r s t y i e l d l i n e s in the whitewash were 
observed at a bracket load at 76 kips and assumed roughly a parabolic 
d i s t r i b u t i o n . The shear condit ions shown by Fig. 20 had occurred at 158 
kips at which time s t ra in hardening in shear must have already occurred. 
Rotation.--The ro ta t ion curves (F igs . 31 and 32) show that the ult imate 
load as computed by Equation (9) agrees with t e s t r e s u l t s . 
At the poss ib le working load ro ta t ion was hardly discernable . 
The shear deformation in the bottom of the web gave a f a l s e im­
pression of the magnitude of the load-point ro ta t ion . The load-point 
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rotation dials were mounted on opposite sides of the zone which yielded 
excessively in shear. The results, however, show that suoh shear failures 
are not catastrophic. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
1. The method of ana lys i s by the appl icat ion of simple p l a s t i c 
theory i s adequate for describing the f l ex ing ac t ion of a connection 
flange and r e s u l t i n g tens ion in the fas teners . 
2 . The e f f e c t of s t ra in hardening of the flange on fastener ten­
s ion can be computed by the equations developed. 
3 . I t i s poss ible to predict the bol t tens ion at any load in a 
f l e x i b l e flange connection with s u f f i c i e n t accuracy for design purposes. 
The tens ion in a fastener depends on the strength charac ter i s t i c s and 
geometry of the flange and s t a t i c s in such a manner that appl icat ion of 
p l a s t i c theory can be used for i t s determination. 
4 . I n i t i a l pretension of fasteners has no e f f ec t on the ultimate 
load of high t e n s i l e strength bolted flange type connections. The 
fastener tens ion w i l l fol low a predetermined curve as soon as the i n i t i a l 
tens ion i s overcome, 
5. The methods presented are e f f e c t i v e in designing a moment 
bracket based on ultimate concepts and computing the ult imate load with 
accuracy. 
6. The apparent c o e f f i c i e n t of f r i c t i o n i s high in a s i t u a t i o n 
such as that of a moment bracket. Misalignment of holes and a "digging 
in" at the compressive y i e l d zone are major contributing f a c t o r s . For 
the moment bracket t e s t e d the apparent f r i c t i o n c o e f f i c i e n t was 0 .39 . 
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A h i g h t e n s i l e s t r e n g t h b o l t e d c o n n e c t i o n c a n be d e p e n d e d on t o c a r r y 
t h e l o a d b y f r i c t i o n t h r o u g h o u t t h e o r d i n a r y •working l o a d r a n g e . 
7 . I t i s p o s s i b l e t o a p p l y t h e s e u l t i m a t e c o n c e p t s i n t h e d e s i g n 
o f a Tee s t u b moment c o n n e c t i o n . A t y p i c a l d e s i g n i s p r e s e n t e d i n t h e 
c h a p t e r on t h e o r e t i c a l d e v e l o p m e n t . 
8. I t i s recommended t h a t d e s i g n s i n c o r p o r a t i n g t h e r e s u l t s o f 
t h i s i n v e s t i g a t i o n c o n s i d e r t h e f o l l o w i n g p o i n t s ; 
a . E q u a t i o n s (4) a n d (5) c a n be u s e d t o c o r r e l a t e f l a n g e 
t h i c k n e s s a n d u l t i m a t e l o a d . 
b . C h o o s i n g a n a v a i l a b l e f l a n g e t h i c k n e s s s l i g h t l y s m a l l e r 
t h a n c o m p u t e d w i l l n o t e n d a n g e r t h e d e s i g n . 
c . A f a s t e n e r s i z e s h o u l d be c h o s e n s u f f i c i e n t t o r e s i s t t h e 
t e n s i o n t h r o u g h t h e f a s t e n e r h o l e a t u l t i m a t e a s g i v e n by E q u a t i o n (8b). 
d . The f r i c t i o n f o r c e f rom i n i t i a l b o l t t e n s i o n c a n be d e ­
p e n d e d on t o r e s i s t s l i p . T h i s f o r c e i s c o n s e r v a t i v e , u s i n g t h e n o r m a l 
c o e f f i c i e n t s o f f r i c t i o n f o r t h e s u r f a c e s i n c o n t a c t . 
e . The e d g e d i s t a n c e s h o u l d be k e p t l a r g e t o r e d u c e t h e p r y i n g 
f o r c e c o n t r i b u t i n g t o b o l t t e n s i o n . 
A P P E N D I X 
F i g , 1 . Test Arrangement for Tee Sect ions 
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F i g . 2* Locat ion of Whittemore Gage Holes fo r Tee Specimens 
Table 1 . Coupon S t r eng th s 
Coupon Yield Ult imate 
S t r eng th S t r eng th 
i n p s i i n p s i 
E- l 3 6 ^ 0 0 Unknown 
E-2 3 6 * 8 0 0 6 2 , l i 0 0 
H-l 3 2 5 5 0 0 6 3 * 8 0 0 
M-l 3 2 * 5 0 0 6 1 . , 3 0 0 
M-2 3 1 * 0 0 0 6 5 , 7 0 0 
C-l 3 U * 2 0 0 6 8 , 8 0 0 
C - 2 3 5 * 9 0 0 6 6 * 5 0 0 
B r a c k e t - 1 3 1 * 8 0 0 6 2 * 6 0 0 
B r a c k e t - 2 3 2 * 1 * 0 0 6 2 * 8 0 0 
Table 2 C Dimensions of Tee Specimens(Refer t o Figure I4) 
Item A B C D E F G H J 
All dimensions a r e i n inches 
T - l i i . O O h.kh 0 . 9 1 3 0 . 9 0 0 0 . 9 0 9 0 . 9 0 9 8 . 8 7 5 1 . 7 5 0 1 - 7 5 0 
T-2 l i . 0 0 luUi 0 . 8 1 5 0 . 7 9 3 0 , 7 9 3 0 . 7 8 8 8 „ 9 0 5 1 . 7 5 0 1 . 7 5 0 
T - 3 I . . 0 0 k.kk 0 . 8 2 5 0 . 8 3 8 0 . 8 6 I . 0 . 8 5 8 8 . 8 1 3 i . 7 5 o 1 . 7 5 0 
T - h 3 . 6 6 3 . 6 3 0 . 8 2 9 0 . 8 0 0 0,81.5 0 . 8 1 . 9 8 . 8 1 3 1 . 1 2 5 1 . 1 2 5 
T - 5 U . 1 8 lu 3 2 0 . 8 6 6 0 . 8 6 0 0 . 8 2 3 0 o 8 i 4 7 8 . 7 5 0 1 . 7 5 0 1 . 7 5 0 
T - 6 i ; o 0 3 l u l l 0 . 9 0 7 0 . 9 0 7 0 . 9 1 2 0 . 9 0 8 8 . 8 1 3 1 „ 7 5 0 1 . 7 5 0 
31. 






Fig. h* Dimensions of Tee Specimens 
Fig, 5 . System of Forces Acting on Tee Flange 
Fig . 6 S Average Calibration Curve of the 7/8 inch Bolts Used 
F i g . 7. Average Calibration Curve of the 5 / 8 inch Bol ts Used 

120, 
DEFLECTION in 10-2 inches 
Fig. 9« Deflection of Flange at Web - Test T-2 
Fig. 10. Deflection of Flange at Web - Test T - 3 
120 
J I 1 L 
1 2 3 h DEFLECTION in 10"^ inches 
F i g . 1 1 . Def lec t ion of Flange at Web - Test T-l. 
Fig. 12. Deflection of Flange at Web - Test T -5 
1 2 3 
DEFLECTION in 10~ 2 inches 
Fig. 1 3 o Deflection o f Flange at Web - Test T - 6 
16 
Table 3. Values For P l o t t i n g P r e d i c t e d Bol t Tension Curves 
Test Mp P y 
( k i p - i n ) 
T y P u T u P 
















(8a) (to) (8b) (8c) 
53.8 90.6 MM — 
1*1-0 ™ 69.7 
1.6.0 19.6 78.1; 31.8 100 1.0.6 
1*3.9 23.0 7KS 36.8 100 U9.2 
kk.l 12.6 76.6 20.6 100 26.9 
52.6 22.li 89.6 36.3 100 1.0.6 
Table 1.. Bol t Tension i n the Bracket Test 
Tension a t Tension a t Larges t Tension Permanent 
Working Load P r e d i c t e d Sus ta ined i n t he Set 
Item S .F . s 2 Ul t imate Test i n k ip s i n IQ'k i n 
i n k ips i n k ip s 










































Figo 1 5 . Computed Bolt Tension Compared with Actual - Test T-U 
/;.0 
1 2 0 r~ 
1 0 0 h 
8 0 
LOAD 










COMPUTED F I R S T Y I E L D 
P R E D I C T E D 
2 0 3 0 
BOLT T E N S I O N I N K I P S ho 









I L-l 1 I 
2 0 3 0 k0 $0 6 0 BOLT TENSION in kips Figo 17o Computed olt Tension Compared with Actual - Test T-6 
5o 
0.5 l-o 1.5 
DEFLECTION in 10~ 2 inches 
Fig. 18. Comparison of Theoretical and Actual Deflection 
at Web - Test T-5 
Fig, 20 . Bracket at 67 Per Cent £bove Ultimate 
5 2 
Load from Testing 
2hn I Machine 
a„ Flange Rotation Dials 
b. Load Point Rotation Dials 
c0 Slip Dials 
do Deflection under Primary Load Point Dial 
Fig« 2 1 o Diagram of Bracket Test Arrangement and Instrumentation 
53 
Figo 22 , Hole Arrangement on Bracket 
Figo 23- Interaction Curve for 7/8 inch diameter High 
Tensile Bolts(Proposed) 
55 
Fig„ 2ko Ultimate Forces Acting on Flange Plate of a Bracket 
56 
Case I - Stiffener Does Not Extend 
to the Bottom 
Case II - Stiffener Extends to the 
Bottom 
Fig. 25. Shear Stress Distribution at Bottom of the Web 
57 
BOLT TENSION in kips 
Fig* 26„ Bracket Load versus Tension in Bolts 1 and 2 
Interpolated 
Working Load 
(S .F a of Two) 
2 0 2 5 3 0 3 5 l O 
BOLT TENSION i n kips 
F i g . 2 7 « Bracket Load versus Tension in Bolts 3 and h 
/ 
2 5 3 0 3 5 1|0 h$ 5 0 BOLT TENSION in kips 
Fig. 2 8 . Bracket Load versus Tension in Bolts 5 and 6 
Fig . 
ko 5o 
BOLT TENSION i n k ip s 
29 . Bracket Load versus Tension i n Bol t s 7 and 8 
6 1 
2 0 0 
Secondary Slip 
1 6 0 
1 2 0 
Primary Slip 
Working Load 
(S .F. of Two) 
Computed Ultimate 
— — — — Interpolated 
k 8 
SLIP in 1 0 " 2 inches 
1 0 
Fig. 3 0 . Average Slip of Bracket 
1 2 
Fig , 31 . Rotation of Bracket Flange at the Web 
63 
61,. 
F i g . 3 3 . A Tee Stub Moment Connection 
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